Peroxisome proliferation occurs by at least two routes, division of existing peroxisomes and de novo biogenesis from the endoplasmic reticulum (ER). The proteins and molecular mechanisms governing peroxisome emergence from the ER are poorly characterized. In this study, we report that two integral membrane peroxins (proteins required for peroxisome biogenesis) in Saccharomyces cerevisiae, Pex29 and Pex30, reside in distinct regions of the ER and associate with Rtn1 and Yop1, reticulon family members that contribute to ER morphology, to govern peroxisome emergence from the ER. In vivo and in vitro analyses reveal that peroxisome proliferation is therefore not restricted to the peroxisome but begins at the level of the ER.
Peroxisomes are organelles found across the diversity of eukaryotes. Bound by a single lipid bilayer, peroxisomes contain enzymes involved in lipid metabolism that are coupled to the production of hydrogen peroxide and the scavenging of reactive oxygen species. Peroxisome number, size, and volume are dynamically linked to cell type, its developmental state, and environmental stimuli. Control of these processes is critical to human health. Defects in peroxisome membrane formation, protein import, and organelle proliferation cause severe pathologies in humans, and peroxisome function is linked to numerous human health issues (1) (2) (3) (4) . Studies in many different model systems, including notably different species of yeast, have led to the identification of peroxins, which are defined as proteins involved in peroxisome biogenesis (5) . The mechanisms of action of the more than 30 peroxins in peroxisomal biogenesis and proliferation are the subject of intense investigation.
There has been much debate as to whether peroxisomes are semi-autonomous organelles like mitochondria or are derived from internal membrane systems such as the secretory pathway. Evidence supports that peroxisome biogenesis occurs through two separate pathways, de novo biogenesis in which new peroxisomes bud from the ER 3 and the division of existing peroxisomes (6 -12) . These biogenesis pathways are tightly regulated spatially and temporally and involve a host of molecular interactions that mediate the assembly of proteins and lipids at the peroxisome membrane and the ER (13) (14) (15) (16) . In the budding yeast Saccharomyces cerevisiae, growth and division of peroxisomes are the dominant forms of peroxisome proliferation. However, contribution from the ER is an essential albeit poorly understood process. When peroxisomes are absent, cells form peroxisomes de novo from the ER. Presumably, interactions between proteins and lipids at the ER result in de novo biogenesis of nascent preperoxisomes that undergo a series of steps to ultimately form mature peroxisomes. Several peroxisomal membrane proteins (PMPs) insert into the ER dependent on components of the Sec61 complex, and the subsequent formation of preperoxisomes is dependent on the peroxins Pex3 and Pex19. Pex3 is an integral membrane protein that accumulates initially at an ER subdomain and is then released in a Pex19-dependent fashion (11, (17) (18) (19) . The cytosolic protein Pex19 appears to interact with Pex3 at the ER, leading to the release of the protein-membrane complex to form nascent peroxisomes, which then fuse and mature into functional peroxisomes capable of importing matrix proteins (8, 12, 20) . Thus, although it is apparent that the ER plays a primary role in trafficking key peroxins essential for de novo peroxisome biogenesis, the function of ER-resident proteins and the ER structure itself in peroxin trafficking and the formation of peroxisomes remain to be determined.
In S. cerevisiae, the ER is an extensive tubular structure with distinct domains, including the perinuclear ER surrounding the nucleus and a dynamic meshwork of membranes at the cell periphery called the cortical ER (21, 22) . Proteins involved in establishing and maintaining the cortical ER membrane in yeast include the reticulon-like A subfamily of integral membrane proteins, Rtn1, Rtn2, and Yop1 (23, 24) . These proteins are proposed to form a wedge-like structure within the ER membrane, inducing membrane curvature and facilitating the formation of tubular structures (25) . Furthermore, the meshwork of the cortical ER is maintained by physical interaction between Rtn1 and Sey1 (26) , the yeast orthologue of the dynamin-like GTPase atlastin (27) . Numerous activities, including de novo peroxisome biogenesis, occur at the cortical ER (28) , which raises questions regarding the role of this structure and the reticulon family of proteins in ER function and peroxisome dynamics and biogenesis.
Based on phenotypes of mutants, one can classify two groups of peroxins that influence peroxisome proliferation as follows: one that promotes it, and one that restricts it. In S. cerevisiae, the first class includes Pex11/25/27 proteins that function to elongate and constrict the peroxisome before its fission (29 -35) . This class of peroxins also functions in poorly understood processes required for de novo peroxisome biogenesis from the ER (36, 37) . The homologue of Pex11 in Yarrowia lipolytica was recently shown to be required for the de novo formation of peroxisomes (38) . The second class includes Pex28/29/30/ 31/32 proteins (39, 40) , but how these peroxins regulate peroxisome numbers remains unknown. Cells harboring single gene deletions of PEX28, PEX31, or PEX32 have fewer and slightly enlarged peroxisomes, whereas a single deletion of PEX29 or PEX30 results in increased numbers of smaller peroxisomes (39, 40) . Epistasis experiments between deletion mutants of all five genes demonstrated that the phenotype of fewer and enlarged peroxisomes is hypostatic to the phenotype of increased numbers of smaller peroxisomes (40) . This suggests that Pex29 and Pex30 function in the same pathway upstream of Pex28, -31, and -32. Two homologues of the Pex30/31/32 and Pex28/29 protein families in Y. lipolytica, Pex23 and Pex24, have been shown to be essential for growth in the presence of oleic acid, which requires peroxisomes for its metabolism, and to accumulate numerous small preperoxisomal vesicles or a few enlarged peroxisomes, respectively (41, 42) . In the yeast Pichia pastoris, Pex30 is localized to both the ER and peroxisomes, and its absence leads to reduced numbers of enlarged peroxisomes in cells grown in oleic acid-containing medium (43) .
Pex29 and Pex30 were recently shown to interact with reticulon proteins to form focal points at the ER from which new peroxisomes arise (44) . Here, we confirm that Pex29 and Pex30 are ER-resident proteins that physically interact with a subset of ER-resident proteins, including the reticulon proteins Rtn1 and Yop1. We show that subdomains of the ER containing Pex29 and Pex30 dynamically associate with peroxisomes when cells are grown in the presence of glucose, but they more stably associate with peroxisomes when cells are grown in the presence of oleic acid. An in vivo egression assay demonstrates that Rtn1p and Yop1 restrict peroxisomal vesicle egression, whereas in vitro analysis shows that absence of the reticulon proteins, or of Pex29 and Pex30, leads to peroxisomal proliferation. Our studies reveal that peroxisome proliferation is not restricted to the level of the peroxisome but begins at the ER and results in biochemically distinct and dynamic associations between peroxisomes and the ER in a carbon source-dependent manner.
Experimental Procedures
Yeast Strains and Plasmids-The yeast strains used in this study are listed in Table 1 and were derived from the parental strains BY4741 and BY4742, the corresponding gene deletion strain library (Invitrogen), or the GFP clone library (Invitrogen) (45) . Yeast insertions and deletions were made by targeted PCR disruption using chemical transformation or electroporation of respective PCR-amplified fragments. The following plasmids were used for PCR amplification with the appropriate primers and have been previously described: pRSETB-mRFP (46) ; pGFP/HIS5 (47); pProtA/HIS5 (48); pCM159/G418 (TetO 7 ) (49); pBS34/HPH (mCherry) (50); and pFA6a-natNT2 and pFA6a-hphNT1 (51) .
Yeast Media and Growth Conditions-Strains were grown in YPD (1% yeast extract, 2% peptone, 2% glucose) or YPBO (0.5% KP i , pH 6.0, 0.3% yeast extract, 0.5% peptone, 0.5% Tween 40, 0.15% oleic acid), as indicated. All cultures were grown at 30°C. When marker selection was required for each strain, defined synthetic medium supplemented with 2% glucose and the necessary amino acid(s) or drug was used. To study peroxisome biogenesis, strains were grown overnight to saturation in YPD containing 5 M doxycycline, followed by dilution in fresh doxycycline-containing medium to an A 600 of 0.2. Cells were then grown to log phase (A 600 ϭ 0.7). The log phase cells were harvested by centrifugation, washed five times in YPD to remove doxycycline, resuspended in fresh YPD medium without doxycycline, inoculated into YPD medium at an A 600 of 0.2, and cultured at 30°C in a shaker incubator rotating at 200 rpm. Every 3 h, a sample of the culture was collected for microscopy. Throughout the time course, cells were maintained at an A 600 of 0.6 -1 by diluting the culture with fresh medium maintained at 30°C. For all microscopy experiments, cells were harvested from cultures in the exponential phase of growth, fixed in 4% formaldehyde at room temperature for 15 min, washed twice with water, resuspended in water, and imaged within 40 h of sample collection.
Fluorescence Deconvolution Microscopy-Slides were prepared according to Ref. 52 with modifications (53) . Essentially, 200 l of hot 1% agarose in nonfluorescent medium was used to prepare a thin agarose pad on a slide with two 18-mm square wells (Cel-line). 1-2 l of culture was placed onto the slide, covered with a coverslip, and sealed with Valap (1:1:1 mixture of Vaseline, lanolin, and paraffin). Cells were incubated for 15-30 min at room temperature before image acquisition. Images were acquired as described (54) using a modified LSM 510 META confocal microscope equipped with a ϫ63/1.3 NA Plan-Neofluar objective (Carl Zeiss). A piezoelectric actuator was used to drive continuous objective movement, allowing for the rapid collection of z-stacks. The sides of each pixel represented 0.057 m of the sample. Stacks of 41 optical sections spaced 0.16 m apart were captured. GFP was excited using a 488-nm laser, and its emission was collected using a 488-nm long pass filter (Semrock).
For colocalization experiments, GFP was excited using a 488-nm laser, and its emission was collected using a 514/25-nm bandpass filter (Semrock). mRFP was excited with a 543-nm laser, and its emission was collected with a 629/53-nm bandpass filter (Semrock). Images were captured at room temperature. Transmission images were processed to maximize the fluorescent signal while maintaining cell outlines. Imaris was then used to render the deconvolved three-dimensional data set to the processed transmission image. Final figure assembly was performed in Adobe Photoshop, Adobe Illustrator, or Adobe InDesign.
Images were deconvolved using algorithms provided by Huygens Professional Software (Scientific Volume Imaging BV, The Netherlands). For deconvolution, three-dimensional data sets were processed to remove noise and reassign blur by an iterative Classic Maximum Likelihood Estimation widefield algorithm and confocal algorithms, respectively, with experimentally derived point spread functions. Pearson's correlation coefficient and Manders coefficient were calculated using the JACOP plugin (55) for ImageJ (National Institutes of Health).
Object-based colocalization was performed using Imaris (Bitplane). Fluorescence signal from Pex30-GFP or Pex29-GFP was processed with the "Surface" command function, and fluorescence signal from Mdh2-mRFP or Pot1-mRFP was processed with the "Spots" function. The ImarisXT plugin (Bitplane) was used to compute the distance between all spots and all surfaces and identify all "spots" within 0.28 m of a "surface."
For experiments with doxycycline, images were collected with a ϫ100/NA 1.4 objective on an Olympus IX-71 wide field inverted fluorescence microscope with a 250-watt xenon LED transillumination light source, DeltaVision personalDV (Applied Precision). A GFP filter set was used to filter excitation and emission profiles. Images were deconvolved using the manufacturer's supplied deconvolution software (softWoRx).
Immunoisolation of Protein Complexes from Whole Cell Protein
Lysates-To facilitate affinity-based purification, the respective protein of interest was C-terminally tagged with protein A (pA) at the genomic level and expressed as a fusion protein. Cells were grown to an A 600 of 1.0 -1.2 in YPD medium, harvested by centrifugation, washed twice with cold 20 mM HEPES-KOH, pH 7.4, followed by a wash with cold 20 mM HEPES-KOH, pH 7.4, 1.2% polyvinylpyrrolidone, 1 mM DTT, 1:200 of protease inhibitor mixture (PIC solution) (Sigma) and 1:200 of solution P (90 mg of PMSF and 1 mg of pepstatin A in 5 ml of absolute ethanol). Cells were subjected to centrifugation at 4,000 ϫ g for 20 min, and the pellet was loaded into a plastic syringe and pushed through directly into liquid nitrogen to form "noodles." Noodles were then cryogenically ground into fine powder using a 25-ml stainless steel grinding jar and ball mill (Retsch PM100 Planetary Ball Mill, Haan, Germany). Each sample was subjected to four runs of grinding (3 min each at 450 rpm with a 1-min immersion in liquid nitrogen between each run). The resulting yeast powder was stored at Ϫ80°C.
Yeast protein lysates were prepared by resuspending 4 g of yeast powder in 14 ml of buffer containing 20 mM HEPES-KOH, pH 7.4, 110 mM potassium acetate, 1 mM DTT, 1 mM MgCl 2 , 1 mM EDTA, 1:200 protease inhibitor mixture, 0.006% anti-foam B, 1% digitonin. The resuspension was clarified by centrifugation at 4,000 ϫ g for 5 min and then at 50,000 ϫ g for 20 min. The supernatant was then passed through a 2.7-m pore size glass microfiber, 25-mm diameter syringe filter (Whatman) and collected into a clean 15-ml falcon tube. 20 mg equivalent (140-l volume) of IgG-conjugated magnetic beads prepared as per the manufacturer's instructions and stored in PBS, pH 7.4, at 4°C was added to the protein lysate and incubated with gentle agitation on a rocking platform for 40 min at 4°C. Magnetic beads were collected with a magnet, transferred to a 1.5-ml microcentrifuge tube, and gently washed four times at room temperature (ϳ25°C) with 500 l of resuspension buffer containing 0.1% digitonin. To release protein complexes, the IgG-pA interactions were disrupted by adding 50 l of 0.2% SDS and incubated at room temperature for 15 min. The beads were separated by a magnet, and the eluate was collected in a fresh microcentrifuge tube. The elution steps were repeated, and the samples pooled (total volume ϭ 100 l). 30 l of this sample were aliquoted for separation by SDS-PAGE (NuPAGE Bis-Tris Pre-Cast Gels, Invitrogen) followed by silver staining (Invitrogen) to visualize protein bands. The remaining sample was loaded onto a detergent removal spin column (Thermo Fisher Scientific) to remove SDS following the manufacturer's protocol. The detergent-free flow-through was dried under vacuum and resuspended in 75 l of 100 mM Tris-HCl, pH 8.3, 1 mM EDTA, 6 M urea. The protein sample was reduced in 5 mM tris(2-carboxyethyl)phosphine at 37°C for 30 min and alkylated with 25 mM iodoacetamide at room temperature in the dark for 30 min. The alkylation reaction was quenched by adding DTT to a final concentration of 50 mM. The sample was diluted 4-fold to decrease the concentration of urea to 1.5 M. 1 mM CaCl 2 was added to the sample, which was then digested with 2 g of sequencing grade modified porcine trypsin (Promega) overnight at 37°C. Digested samples were desalted using Vydac C18 Silica MicroSpin columns (The Nest Group) as per the manufacturer's instructions. Purified peptides were resuspended in 10 l of 0.1% trifluoroacetic acid (v/v) and 1% acetonitrile (v/v), and 6 l of the sample were analyzed by LTQ-MS/MS (Thermo Fisher Scientific). The resulting peptide finger prints were identified by searching against a yeast peptide database using the Trans Proteomic Pipeline (56) . Search result validation was done using Peptide Prophet (version 3.0) (57) , and a probability of 1 was used to confidently identify a peptide. We report proteins for which at least two unique peptides were observed. Similar to earlier arguments, in all experiments, ribosomal proteins were excluded from the list of identification as common coeluting contaminants (58) . For Pex29-pA and Pex30-pA samples, proteins were identified by both in-gel digestion (59) and the in-solution method. Rtn1-pA and Yop1-pA were analyzed by the in-solution method.
Subcellular Fractionation and ER Shift Assay-Subcellular fractionation of S. cerevisiae cells was performed as in Ref. 30 , with modifications. Cells grown in YEPD or YPBO were harvested by centrifugation at 2,000 ϫ g in a Beckman JA10 rotor at room temperature and washed twice with water. Cells were resuspended in 10 mM DTT, 100 mM Tris-HCl, pH 9.4, at a concentration of 10 ml per g of wet cells and incubated at 30°C for 35 min with gentle agitation to loosen the outer mannoprotein layer. Cells were collected by centrifugation at 2,000 ϫ g in a Beckman JS13.1 rotor for 7 min at room temperature and washed once with Zymolyase buffer (50 mM potassium phosphate, pH 7.5, 1.2 M sorbitol, 1 mM EDTA). Cells were resuspended in Zymolyase buffer containing 0.125 mg of Zymolyase 100T/ml at a concentration of 8 ml per g of wet cells and incubated at 30°C for 45 min to 1 h with gentle agitation to convert cells to spheroplasts. Spheroplasts were harvested by centrifugation at 2,000 ϫ g in a Beckman JS13.1 rotor for 8 min at room temperature and washed once with 1.2 M sorbitol, 2.5 mM MES, pH 6.0, 1 mM EDTA and harvested by centrifugation at 6,000 ϫ g at 4°C. They were then resuspended in buffer H (0.6 M sorbi-tol, 2.5 mM MES, pH 6.0, 1 ϫ cOmplete protease inhibitor mixture (Roche Applied Science)) at a concentration of 2 ml per g of wet cells. Resuspended spheroplasts were transferred to a homogenization mortar and disrupted by 10 -20 strokes of a Teflon pestle driven at 1,000 rpm by a stirrer motor (model 4376-00, Cole-Parmer). Cell debris, unbroken cells, and nuclei were pelleted by centrifugation at 1,000 ϫ g in a Beckman JS13.1 rotor for 8 min at 4°C. The postnuclear supernatant (PNS) was subjected to four additional centrifugations at 1,000 ϫ g in a Beckman JS13.1 rotor for 8 min at 4°C.
For cells grown in YEPD, 300 l of PNS was mixed with 700 l of 11% (w/v) NycoDenz in buffer H and loaded onto the top of a discontinuous NycoDenz gradient (6.6 ml of 17%, 16.5 ml of 25%, 4.5 ml of 35%, and 3 ml of 50% (w/v) NycoDenz in buffer H). Organelles were separated by ultracentrifugation at 100,000 ϫ g for 90 min at 4°C in a Beckman VTi50 rotor. 18 fractions of 2 ml each were collected from the bottom of the gradient. To shift the ER, buffer H was prepared in 1 mM MgCl 2 , 0.5 mM EDTA, or 5 mM EDTA.
For cells grown in YPBO, the PNS was fractionated by centrifugation at 20,000 ϫ g in a Beckman JS13.1 rotor for 35 min at 4°C into pellet and supernatant fractions. The 20,000 ϫ g pellet was resuspended in 11% (w/v) NycoDenz in buffer H and loaded onto the top of a discontinuous NycoDenz gradient (6.6 ml of 17%, 16.5 ml of 25%, 4.5 ml of 35%, and 3 ml of 50% (w/v) NycoDenz in buffer H). Organelles were separated by ultracentrifugation at 100,000 ϫ g for 90 min at 4°C in a Beckman VTi50 rotor. 18 fractions of 2 ml each were collected from the bottom of the gradient. To shift the ER, buffer H was prepared in 0.5 mM EDTA or 5 mM EDTA.
In Vitro Vesicle Budding Assay-The in vitro cell-free vesicle budding assay was performed according to methods published previously (18, 19) . Yeast strains are grown overnight in 1 liter of YEPD to an A 600 of 4.0. The cells were collected by centrifugation at 2,000 ϫ g for 7 min at room temperature in a Beckman JA-10 rotor, resuspended in low glucose medium (YEPD but with 0.1% glucose final concentration), and incubated for 30 min at 25°C with vigorous shaking. Cells were harvested by centrifugation and resuspended in spheroplast medium (1% yeast extract, 2% yeast peptone, 1 g/liter glucose, 1.4 M sorbitol, 50 mM potassium phosphate, pH 7.5, 50 mM 2-mercaptoethanol) supplemented with Zymolase 100T at 1 mg/ml, to a final concentration of 8 ml/g of wet cells and incubated for 40 min at 37°C with gentle agitation. Spheroplasts were recovered by centrifugation, resuspended in recovery medium (1% yeast extract, 2% yeast peptone, 1 g/liter glucose, 1 M sorbitol), and incubated at 37°C for 90 min to allow partial regeneration of the cell wall. The regenerated spheroplasts were subsequently used for generating permeabilized yeast cells and yeast cytosol. For permeabilized yeast cells, regenerated spheroplasts were resuspended in ice-cold spheroplast lysis buffer (100 mM potassium acetate, 200 mM sorbitol, 20 mM HEPES-KOH, pH 7.2, 2 mM MgCl 2 ) at a concentration of 5 ml/75 A 600 unit cell equivalents. For cytosol, regenerated spheroplasts were lysed in icecold 20 mM HEPES-KOH, pH 7.4, at a concentration of 210 l/75 A 600 unit cell equivalents. The slurry was pipetted 30 times with a 1-ml pipette to ensure efficient lysis. Cell debris was pelleted by centrifugation at 3,000 ϫ g for 5 min at 4°C, and the supernatant was collected (ϳ360 l). To the concentrated cytosol, 50 l of 10ϫ transport buffer (250 mM HEPES-KOH, pH 7.2, 1.15 M potassium acetate, 25 mM MgCl 2 ), cOmplete protease inhibitor mixture (Roche Applied Science) to 1ϫ concentration, and 50 l of 2 M sorbitol was added.
Permeabilized yeast cells (PYCs) prepared from pex19⌬, pex19⌬/pex29⌬/pex30⌬, and pex19/rtn1⌬/rtn2⌬/yop1⌬ strains were washed twice with TBPS (115 mM potassium acetate, 2.5 mM magnesium acetate, 0.25 M sorbitol, 1ϫ cOmplete protease inhibitor mixture, 25 mM HEPES, pH 7.2) and then resuspended in TBPS at a concentration of 25 l/5 A 600 unit cell equivalents. Pex3 was endogenously tagged with GFP in these strains to differentiate between Pex3 from PYCs versus a potential contamination of Pex3 from cytosol. Reaction conditions were as follows: 25 l of PYCs, 25 l of wild-type cytosol, 25 l of a 4ϫ ATP-regenerating system (4 mM ATP, 0.4 mM GTP, 80 mM creatine phosphate, 0.8 mg/ml creatine phosphate kinase), and 25 l of 2ϫ TBPS were mixed on ice. The reaction proceeded by incubation at room temperature for 90 min, and chilling the samples on ice terminated the reaction. After the reaction was terminated, the PYCs were pelleted by centrifugation at 13,000 ϫ g for 5 min at 4°C. The supernatant of two identical reactions was pooled and spun at 200,000 ϫ g for 1 h at 4°C. The pellet, containing preperoxisomal vesicles, was resuspended in 2ϫ sample buffer (4% SDS, 0.15 M Tris-HCl, pH 6.8, 4 mM EDTA, 20% glycerol, 2% 2-mercaptoethanol, 0.02% bromphenol blue) before being resolved by SDS-PAGE. The presence of Pex3-GFP was detected by immunoblotting with affinity purified Pex3 antibodies (17) . Reactions carried out with PYCs alone, in the absence of exogenous ATP, and at 4°C were included as controls.
Results

Pex30 Localizes to a Punctate Compartment That Is Distinct from Other Organelle
Compartments-To investigate the subcellular localization of Pex30, we imaged a genomically integrated chimeric protein, Pex30-GFP, under control of its native promoter. For three-dimensional confocal microscopy of living cells, we employed a fast acquisition protocol with continuous capture along the z axis driven by a piezoelectric actuator (54) , which minimizes acquisition time and the introduction of small vibrations from the stepwise progression of a typical three-dimensional acquisition. Use of a multi-immersion objective with a correction collar allowed us to reduce the degrading effects of spherical aberration to image contrast by compensating for mismatches in the refractive indices of the imaging medium and living cells, as well as to correct for the necessary insertion of a coverslip into the light path (60) . To remove noise and reassign blur, deconvolution algorithms were applied to the post-acquisition dataset, which also corrects for artifacts introduced by the digital discretization of the analogue fluorescence signal. The resulting three-dimensional reconstruction shows remarkable contrast for weak fluorescence signals, such as those collected by imaging Pex30-GFP, with resolution on three axes approaching the diffraction limits of the confocal microscope (Fig. 1A) .
Pex30-GFP localizes to numerous puncta distributed throughout the cell with both cortical and, what appear to be, perinuclear distribution patterns. This localization was independent of cell size or progression through the cell cycle, although an enrichment of Pex30-GFP signal was often seen in small to mid-sized buds (Fig. 1A) . Quantification of the number of puncta per cell revealed ϳ10-fold more Pex30-GFP puncta as compared with peroxisomes labeled with Mdh2-GFP (Fig. 1B) .
To determine the identity of the compartment(s) in which Pex30-GFP resides, we performed quantitative colocalization experiments against a battery of proteins that give a "punctatecomposite" localization by light microscopy. These proteins were previously used in a global analysis of protein localization in yeast (61) . A wild-type strain expressing Pex30-GFP was mated to strains expressing chimeras of each of the punctatecomposite proteins and mRFP. The resulting diploid cells were then imaged by three-dimensional confocal microscopy, and an estimate of the strength of association between the two fluorophores was made by comparing Pearson's correlation coefficients calculated from the different three-dimensional image datasets ( Fig. 2A) (62) . As a positive control, Pearson's correlation coefficients were calculated for images acquired for Pex3-mRFP and Mdh2-GFP ( Fig. 2A and data not shown).
Pearson's correlation analysis revealed stronger correlations between Pex30-GFP and Pex3-mRFP, Sac6-mRFP, and Sec13-mRFP, as compared with correlations between Pex30-GFP and Chc1-mRFP, Cop1-mRFP, Erg6-mRFP, and Nic96-mRFP, and Snf7-mRFP ( Fig. 2A) . Sac6 is yeast fimbrin, an actin bundling and plus-end binding protein (63) , whereas Sec13 is a structural component of COPII vesicles and the nuclear pore complex (64, 65 ). Pearson's correlation coefficients between the ranges of 0.3 and 0.6 could result from random, spurious, or coincident associations or could be the result of a partial colocalization between subsets of the two populations of proteins (55) . To distinguish between these possibilities, we performed additional statistical analyses as shown for representative images of Pex30-GFP with Pex3-mRFP, Sac6-mRFP, or Sec13-mRFP (Fig.  2 , B and C). Intensity correlation analysis (66) showed high intensity fluorescence from Pex30-GFP covaried with Pex3-mRFP and to a lesser extent with Sec13-mRFP but not with Sac6-mRFP, with which low intensity covariance dominated (Fig. 2C) . Furthermore, computation of a cross-correlation function (67) for each image dataset picked up coincident colocalization between Pex30-GFP and Sac6-mRFP, which had an unequal right tail skew likely due to the propensity of both proteins to show enriched signal in the yeast bud (Fig. 2, B and D) . We therefore conclude that the partial colocalization between Pex30-GFP and Pex3-mRFP is the result of specific and discrete associations between a subset of each protein population. Partial colocalization between Pex30-GFP and Sec13-mRFP likely results from a broad coincident colocalization of the two proteins residing in the same subcellular compartment, i.e. the ER, whereas colocalization between Pex30-GFP and Sac6-mRFP likely results from spurious and coincident associations. This interpretation comes with the caveat that Pearson's coefficients are strongly impacted by the microscopy setup and its resolution/contrast limits. Although not explored here, we expect that other membrane peroxins would show similar distributions.
We next performed quantitative colocalization experiments with Pex30-GFP and Kar2-mRFP(HDEL) (Fig. 3A) . Kar2 is the yeast homologue of binding protein, BiP, an abundant ER lumenal chaperone protein (68) . Haploid cells with genomically integrated Pex30-GFP and Kar2-mRFP(HDEL) were grown in the presence of glucose and imaged using three-dimensional confocal microscopy (Fig. 3A) . The punctate localization of Pex30-GFP showed a high degree of overlap with the reticular Kar2-mRFP(HDEL) signal, as confirmed by the Pearson's correlation coefficient (Fig. 3D) . Surprisingly, Pex30-GFP did not colocalize with a peroxisomal matrix reporter, mRFP(SKL), but did show partial colocalization with Pex3-mRFP (Fig. 3, C and D) .
Identification of Pex30-interacting Proteins-To gain a better understanding of Pex30 function, we next sought to identify interacting partners of Pex30 by immunoaffinity isolation followed by identification by mass spectrometry. Pex30 was tagged at its C terminus with protein A, Pex30-pA, and immunoisolation of Pex30-pA-containing complexes was performed with whole cell extracts prepared from cells grown in the presence of glucose. Unlike efforts to immunopurify PMPs, which employed enrichment of peroxisomes by ultracentrifugation prior to immunoisolation of protein complexes (69, 70) , we used whole cell lysates with the intention of probing for all potential Pex30-containing protein complexes that would be depleted from enriched peroxisomal fractions. Our approach is similar to that employed by David et al. (44) but with several important differences. First, cells were flash-frozen in liquid nitrogen and ground under cryogenic conditions using a planetary ball mill to maintain native protein complexes. This "solid-phase" cell breakage step maintains native protein-protein interactions and minimizes nonspecific protein interactions.
Second, the resulting grindate was used for rapid immunoisolation on IgG-coated magnetic beads, which enable faster and cleaner complex isolation as compared with IgG-Sepharose (71) (72) (73) . This approach reduces the number of steps prior to protein complex purification, thereby leading to a more confident identification of protein complexes (74 -76). Experimen-FIGURE 2. Quantitative three-dimensional colocalization microscopy punctate composite screen reveals partial colocalization between Pex30-GFP and Pex3-mRFP and Sac6-mRFP and Sec13-mRFP. A, diploid cells expressing the indicated fluorescent proteins were grown in YPD medium and imaged by three-dimensional confocal microscopy. Pearson's coefficients were calculated for the deconvolved data sets using the JACOP plugin for ImageJ (National Institutes of Health), and the data are shown by interquartile box and whisker plots. B, maximum intensity projections and middle slice of the median image from A are displayed for the three punctate composite markers showing partial colocalization with Pex30-GFP. Bar, 1 m. C, intensity correlation analysis of the images shown in B. The intensity correlation analysis plot displays the covariance of the Pex30-GFP signal with a colocalization marker (Pex3-mRFP, Sac6-mRFP, or Sec13-mRFP) as a function of the relative intensity of Pex30-GFP. Intensity correlation analysis plots were calculated using the JACOP plugin for ImageJ. D, cross-correlation function analysis of the images shown in B. The cross-correlation function is a plot of a series of Pearson's coefficients calculated by shifting one image with respect to the other Ϯ20 pixels. The cross-correlation function for each image pair in B was calculated using the JACOP plugin for ImageJ. JULY 22, 2016 • VOLUME 291 • NUMBER 30
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tal conditions were iteratively optimized to provide appropriate solubilization of integral membrane protein complexes while maintaining protein interactions (48, 77) . Prominent bands representing putative Pex30-pA-interacting proteins were excised and identified by mass spectrometry.
The major proteins that copurify with Pex30-pA were identified as Pex29, Rtn1, and Yop1 (Fig. 4A) . Identification of Pex29 as a Pex30-pA-interacting protein was expected, as they have been shown to interact by two-hybrid analysis and because pex29⌬ and pex30⌬ strains share similar peroxisome proliferation phenotypes (39, 40) . Similarly to Pex30-pA, isolation of Pex29-pA yielded Pex30, Rtn1, and Yop1 as major copurifying proteins. Although both Rtn1 and Yop1 are reported to interact with the GTPase Sey1, we did not find Sey1 associated with either Pex29 or Pex30. This suggests the presence of different Rtn1 and Yop1 subcomplexes in yeast cells or that this interaction is not maintained in our immunopurification conditions. Additionally, from this initial characterization it remains undetermined whether Pex30 and Pex29 exist in a single complex or multiple distinct complexes.
To confirm the interactions between Pex30, Pex29, Rtn1, and Yop1, we performed reciprocal immunoisolations, this time using Rtn1-pA and Yop1-pA as baits (Fig. 4A ). For these immunopurified eluates, proteins were identified by mass spectrometry using in-solution digests rather than gel excision of prominent bands. As expected, both Pex30 and Pex29 were detected in Rtn1-pA and Yop1-pA immunoisolations, strongly suggesting that these four proteins are bona fide interacting proteins. Several other potential interacting proteins, summarized in Table 1 , were identified in these experiments. Of note, all four immunoisolations identified Scs2, Dpm1, and Yet3 as interacting partners. Scs2 is the yeast homologue of VAP and a component of the ER-plasma membrane tethering complex involved in the regulation of the phosphatidylinositol-4-phosphate phosphatase, Sac1 (78, 79) . Dpm1 is a dolichol-phosphate mannosyltransferase and an integral membrane protein of the ER, but it also interacts with and has an important role in regulating Sac1 (80, 81) . Interestingly, we also detected Pom33, an integral membrane protein recently shown to interact with Rtn1 and to dynamically associate with the yeast nuclear pore complex (82) in both Pex29-pA and Pex30-pA eluates. Unexpectedly, we did not identify Pom33 in Rtn1-pA or Yop1-pA eluates; however, we did identify Sey1 and several additional proteins involved in lipid metabolism in the Rtn1-pA eluate (Table 2) .
To assess the stability of the association between these membrane proteins and to identify additional interacting proteins of Pex30 and Pex29, we performed isotopic differentiation of interactions as random or targeted (I-DIRT) experiments (75) with Pex30-pA and Pex29-pA followed by shotgun mass spectrometry. This method differentiates between specific and nonspecific interacting proteins by immunoisolation of affinitytagged protein complexes from cells grown in the presence of isotopically "light" medium, which is subsequently mixed in a 1:1 ratio with cell lysates grown in the presence of isotopically "heavy" medium, before protein identification by mass spectrometry (75) . In vivo stably interacting proteins are enriched as isotopically light, whereas spurious interactions that result from lysis and mixing during immunoisolation have a ratio of light to heavy approximating 1:1.
Rtn1, Yop1, and Pex29 were among the top hits for Pex30-pA, confirming the association of these proteins (Fig. 4B) . Additionally, Pex28 and Pex32, two proteins previous identified as Pex30 interactors by two-hybrid experiments (40) , were also stably associated with Pex30-pA, further validating our proteomics approach. Interestingly, these experiments identified a stable association between Pex30-pA and Tcb3, another component of the ER-plasma membrane tether (78) . Scs2 was also identified as a stable interactor but at a lower ratio of lightto-heavy isotope. In addition to these phosphatidylinositol 4-phosphate (PI4P) regulators, Dpm1 also showed an enriched light-to-heavy ratio. Pex30 was the top hit for Pex29-pA experiments with a ratio of light-to-heavy of just over 20, the highest ratio observed in these experiments (Fig. 4C) . Pex29-pA also stably associated with Rtn1, but surprisingly Yop1 was not identified as a stable interactor of Pex29 in these experiments despite the identification of light Yop1 peptides. The strong interconnectivity of Pex30-and Pex29-interacting proteins was visualized in a network map of the protein-protein interaction data (Fig. 4D) . This view also reinforced the association of Dpm1, Scs2, and Yet3 as additional interacting components of this "reticulon-peroxin" complex.
Pex30 and Pex29 Are ER-resident Proteins Even When Cells
Are Grown in the Presence of Oleic Acid-Because most of the proteins detected as interacting with Pex30 and Pex29 are ERresident proteins, we readdressed and further explored the subcellular localization of these proteins using an ER mobility shift assay (Fig. 5) . This assay employs biochemical fractionation of lysed cells by isopycnic density gradient centrifugation in the presence or absence of magnesium (83) . Total cellular levels of Mg 2ϩ are in the millimolar range, complexed to anionic ligands, including phosphate, ATP, RNA, and DNA (84) . In the presence of excess Mg 2ϩ , the ER has increased buoyant density that is most likely due to the strengthened association of ribosomes with the Sec61 complex (83) . Ribosome stability requires Mg 2ϩ , and ribosomes fall apart when Mg 2ϩ is stripped away by chelation. This phenomenon has been exploited in classic experiments preparing smooth and rough ER membranes for C-terminally tagged with protein A were immunopurified from wild-type yeast whole cell lysates under conditions that promote the capture of integral membrane proteins. Shown are silver-stained SDS-polyacrylamide gels exhibiting the typical patterns of proteins observed to copurify with these protein A-tagged baits. Proteins in eluates were identified by two complementary methods, i.e. in-gel digestion of prominent bands excised from silver-stained gels and global shotgun analysis of eluate fractions. The identity of bands excised from Pex29-pA and Pex30-pA gels are indicated. In both immunopurifications, the resident ER proteins, Rtn1 and Yop1, were found to copurify with Pex29-pA and Pex30-pA under these conditions. In support of this interaction, both Pex29 and Pex30 were identified by shotgun mass spectrometry in reciprocal immunoisolations using Rtn1-pA and Yop1-pA as baits. Asterisk indicates IgG heavy chain. B and C, expression ratio (xpress ratio ϭ light isotope/heavy isotope) for proteins identified by the I-DIRT experiments and shotgun mass spectrometry. An xpress ratio of Ͼ2 was used as a set point to define specific Pex30-pA-(B) and Pex29-pA (C)-interacting proteins. D, network level view of the protein-protein interactions identified in this study. Horizontal lines represent protein nodes (as labeled in the figure), and vertical lines represent the protein-protein interactions. Graphical representation of the data was generated using BioFabric (Institute for Systems Biology, Seattle, WA). (85, 86) . Immunoblot analysis of the separated fractions using antibodies to detect Pex30, Pex29, Pex3, Sec61, and Sdh2 revealed Mg 2ϩ -dependent migration of Pex30 and Pex29 along with the ER marker Sec61 from cells grown in the presence of glucose (Fig. 5A) . Interestingly, Pex3 also showed Mg 2ϩ -dependent migration, moving from fractions of light density to fractions of heavy density with the increase in Mg 2ϩ concentration. Mitochondria, as represented by the matrix protein Sdh2, were minimally affected by changes in Mg 2ϩ and remained in fractions of light density in these experiments. These data suggest that peroxisomes, as labeled by Pex3, associate with the ER in glucose-grown cells but in regions distinct from mitochondria. ER-mitochondria contact sites are well documented in S. cerevisiae (87) but did not appear to affect the density of mitochondria in our experiments. Interestingly, Pex30 cofractionated with Sec61 under these conditions, whereas Pex29 cofractionated with Pex3. Pex29 also showed a bimodal distribution with a portion enriching in fractions of light density under all conditions (Fig. 5A) .
ER-dependent Regulation of Peroxisome Biogenesis
When cells were grown in the presence of oleic acid, Pex30, Pex29, and Sec61 again showed Mg 2ϩ -dependent migration to fractions of heavy density (Fig. 5B) . However, this time Pex3 was unaffected in its migration by Mg 2ϩ concentration and was found exclusively in fractions of heavy density where it cofractionated with the oleic acid-induced peroxisomal matrix protein Pot1, as has been demonstrated previously (88) . As demonstrated by Erdmann and Blobel (29) , peroxisome density is increased in yeast grown in the presence of oleic acid because of the additional import of peroxisomal matrix proteins involved in ␤-oxidation. Pex29 once again showed a bimodal distribution and could be found in dense fractions that overlapped with Pex3 and Pot1, but in a Mg 2ϩ -dependent manner. In contrast, Pex30 cofractionated with Sec61 under all conditions tested (Fig. 5B) .
We also tested whether the distribution of Pex30 or Pex29 was affected by the presence of peroxisomes. ER-shift assays performed using lysates from pex3⌬ cells or pex19⌬ cells, which lack any vestiges of peroxisomes, grown in the presence of glucose demonstrated that the Mg 2ϩ -dependent migration of Pex30 and Pex29 was unaffected by the loss of peroxisomes (Fig. 6, A and B) . Interestingly, Pex29 still localized to the same slightly denser fractions that it shared with Pex3 in wild-type cells.
Dynamic Carbon Source-dependent Association of Pex30 and Pex29 with Peroxisomes-We re-evaluated the association of Pex30 and Pex29 with peroxisomes using quantitative three-dimensional colocalization confocal microscopy. Cells endogenously expressing Pex30-GFP or Pex29-mRFP were mated to cells endogenously expressing Mdh2-mRFP or Pot1-mRFP. The resulting diploid cells expressing Mdh2-mRFP and either Pex30-GFP or Pex29-GFP were grown in the presence of glucose, whereas diploid cells expressing Pot1-mRFP and either Pex30-GFP or Pex29-GFP were grown in the presence of oleic acid.
Pex30-GFP associated with peroxisomes more strongly than Pex29-GFP. Quantification showed that 70% of peroxisomes were in contact with Pex30-GFP puncta using an object-based colocalization algorithm (Fig. 7A) . This number increased to nearly 100% when cells were grown in the presence of oleic acid. Under these conditions, Pex30-GFP could be seen to associate with peroxisomes and to enrich at sites between peroxisomes that had clustered after growth in the presence of oleic acid. But Pex30-GFP did not overlap with signal from Pot1-mRFP, consistent with our previous colocalization analysis and ER-shift experiments demonstrating Pex30 to be an ER protein. The association between Pex29-GFP and peroxisomes also increased when cells were grown in the presence of oleic acid so that 75% of peroxisomes were in contact with Pex29-GFP puncta (Fig. 7B) . However, Pex29-GFP did not redistribute and associate with peroxisomes to the same extent as Pex30, and the overall appearance of Pex29-GFP in cells grown in oleic acid was similar to that of Pex29-GFP in cells grown in the presence of glucose. Despite this lack of redistribution, Pex29-GFP could also be found associated with peroxisomes and enriched at sites between clustered peroxisomes in cells grown in the presence of oleic acid (Fig. 7B) .
To investigate the association of Pex30-GFP with peroxisomes in further detail, we performed time-lapse microscopy on cells expressing Pex30-GFP and the peroxisomal matrix marker mRFP-SKL (Fig. 7C and supplemental Movie 1) . We acquired images at a rate of 200 ms/frame to provide a relatively high temporal resolution. Under these conditions, Pex30-GFP could be seen to interact dynamically with peroxisomes. These associations were frequent enough that individual peroxisomes were visited several times over the course of image capture. The dynamic movement of Pex30-GFP throughout the cytoplasm is consistent with previous reports showing the yeast ER to be a highly dynamic structure (22) . The association of Pex30 with peroxisomes was also independent of peroxisome placement in the cell, and the dynamic interactions were visualized for static, anchored peroxisomes in the mother cell as well as for fast moving peroxisomes in the bud (Fig. 7C) . Pex29-GFP bleached too , and postnuclear supernatants were subjected to isopycnic centrifugation through discontinuous NycoDenz density gradients. Eighteen fractions of increasing density were collected; 1.25% of the fraction volume was separated by SDS-PAGE, and the indicated proteins were detected by immunoblotting. Cofractionation of Pex30 and Pex29 with the ER marker, Sec61, is observed, and a concomitant shift results from increasing the buoyant density of ER by the presence of Mg 2ϩ . Pex3 also cofractionates with Sec61, but Sdh2 remains in the lighter fractions. B, similar to A, but this time cells were grown in the presence of oleic acid before preparation of lysates. Lysates were prepared in buffer containing either 5 mM EDTA or 0.5 mM EDTA. Cofractionation of Pex30 and Pex29 with the ER marker, Sec61, is observed, but this time Pex3 is found exclusively in fractions of heavy density and cofractionates with the peroxisomal matrix protein, Pot1.
quickly to reliably visualize whether it dynamically associated with peroxisomes (data not shown).
We next studied the interactions between members of the reticulon family and Pex30 and Pex29 by quantitative colocalization three-dimensional confocal microscopy. We fused GFP to the C terminus of Pex29 or Pex30 and mRFP to the C terminus of Pex30, Rtn1, or Yop1 and tested for colocalization of Pex29-GFP with Pex30-mRFP, Rtn1-mRFP, or Yop1-mRFP, as well as colocalization of Pex30-GFP with Rtn1-mRFP or Yop1-mRFP in diploid cells grown in the presence of glucose or in the presence of oleic acid (Fig. 8, A-E) . For each protein pair, partial colocalization, as assessed by comparison of Pearson's coefficients, was observed. In contrast to Pex30-GFP, which showed stable colocalization with Rtn1-mRFP and Yop1-mRFP under both growth conditions, Pex29-GFP associated more strongly with all of its interacting partners when cells were grown in the presence of oleic acid. These findings are consistent with our immunopurification experiments in which Pex29-GFP association with Yop1 was not stable in immunoisolations from cells grown in the presence of glucose (Fig. 4C) . A slope graph of the mean Mander's coefficients calculated for each imaging pair reinforced this view (Fig. 8F) . The general trend was for stronger association between Pex30, Pex29, Rtn1, and Yop1 when cells were grown in the presence of oleic acid.
Peroxisome Biogenesis Is Altered in Cells Lacking RTN1, RTN2, and YOP1-As discussed earlier, yeast cells carrying single or double deletion(s) of PEX29 and PEX30 exhibit an increased number of peroxisomes per cell and a decreased average peroxisome volume when grown in oleic acid-containing medium; however, neither deletion affects the viability of yeast cells during growth in glucose-or oleic acid-containing medium (39, 40) . Similarly, no detectable growth defect was observed on oleic acid-containing medium for cells deleted for RTN1, YOP1, and RTN2 in a dilution spot assay (data not shown).
We next asked whether Rtn1, Yop1, and Rtn2 directly, or through the establishment of tubular ER structures, contribute to the de novo biogenesis of peroxisomes. Specifically, we measured the kinetics of de novo peroxisome biogenesis in wildtype and mutant strains. To monitor de novo peroxisome biogenesis, we made strains in which the expression of PEX19, a gene essential for peroxisome biogenesis, was tightly regulated. This system is similar to a previously described system used to investigate de novo peroxisome biogenesis (11), but instead of regulating gene expression by a galactose-inducible promoter, we used the regulatable TetO 7 promoter (89, 90) . This difference is important, as overexpressing PMPs results in several pleiotropies, including the mistargeting of the PMPs to the mitochondria (see "Discussion").
To visualize peroxisome biogenesis, we introduced an endogenously expressed Gpd1-GFP into both wild-type and triple null, rtn1⌬/rtn2⌬/yop1⌬, strains in which PEX19 expression is under the control of the TetO 7 promoter. The rationale behind using the peroxisomal matrix protein, Gpd1, was to facilitate visualization of mature peroxisomes capable of importing matrix proteins, thereby providing a measurement of functional peroxisomes. With this system, we could assess the temporal dynamics of peroxisome biogenesis in individual cells. After prolonged culturing in the presence of doxycycline, repression of PEX19 expression led to the absence of detectable peroxisomes (Fig. 9) . Upon doxycycline removal, PEX19 expression resumed and led to the time-dependent reappearance of detectable peroxisomes. Temporal analysis of the percentage of cells in which peroxisomes were detectable following the release of PEX19 repression showed that peroxisome reappearance occurred more quickly in rtn1⌬/rtn2⌬/yop1⌬ cells relative to wild-type cells (Fig. 9B) . Furthermore, despite observing a plateau in the percentage of cells with detectable peroxisomes for both strains, peroxisome re-emergence was more penetrant in the rtn1⌬/rtn2⌬/yop1⌬ strain, as this triple JULY 22, 2016 • VOLUME 291 • NUMBER 30 null mutant reached a higher plateau. We interpret these data to suggest that the dynamics of peroxisome formation are accelerated in the mutant cells compared with wild-type cells and demonstrate a role for the ER-resident proteins Rtn1 and Yop1 in peroxisome biogenesis.
Egress of Preperoxisomal Vesicles Is Enhanced in Deletion Mutants of the Reticulons or Pex29
and Pex30 -Our preceding experiments, and those of David et al. (44) , suggested to us a role for this reticulon-peroxin complex in regulating preperoxisomal vesicle egression from the ER. Pex29 and Pex30 functioning as regulators of peroxisome-destined vesicular flow from the ER is consistent with their observed ER localization, their physical association with the reticulons, and their dynamic association with peroxisomes. To test this hypothesis, we reconstituted peroxisome biogenesis in vitro. A preperoxisomal vesicle budding assay has been previously shown to require the presence of Pex3 in the ER and Pex19 in the cytosol (18) . ATP hydrolysis is required for successful budding to occur, and in addition to Pex3, additional peroxins, such as Pex15 and Pex11, have been shown to be present in the vesicles (18, 19, 91) .
Vesicle egression was enhanced in cells lacking PEX29 and PEX30 and also in cells lacking RTN1, RTN2, and YOP1 as compared with the control (Fig. 10A) . As reported previously, successful budding was dependent on the presence of ATP and could be slowed by incubation at 4°C.
We also imaged the strains used to prepare donor membranes for the in vitro reactions (Fig. 10B) . Surprisingly, Pex3-GFP localized to discrete puncta in pex19⌬/pex29⌬/pex30⌬ cells and in pex19⌬/rtn1⌬/rtn2⌬/yop1⌬ cells, suggesting that 
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the loss of these proteins altered the sorting and accumulation of Pex3-GFP into putative peroxisomal export sites in the ER.
Discussion
Pex30 and Pex29 are integral membrane proteins that have been shown to regulate peroxisome proliferation in the yeast S. cerevisiae. In this study, we show that these proteins are ER-resident proteins that associate with other ER-resident proteins, including Rtn1, Yop1, Scs2, Dpm1, and Yet3. Both Rtn1 and Yop1 play roles in ER membrane curvature and establish the peripheral ER, a site where de novo peroxisome biogenesis is proposed to occur (17) . The absence of Rtn1, Rtn2, and Yop1 results in disruption of the peripheral ER (23), and we demonstrate here that the absence of these proteins also leads to the dysregulation of de novo peroxisome biogenesis.
Many of these conclusions are in agreement with the findings of David et al. (44) , who also characterized the interactome of Pex30 and Pex29. The reticulon proteins were shown to be prominent interactors with Pex30 and Pex29, and their deletion was shown to dysregulate peroxisome proliferation. These proteomics experiments also identified Scs2, Dpm1, and several other ER proteins as putative interactors. Our independent confirmation of these findings bolsters our confidence in their robustness, and for the role of the reticulons in regulating peroxisome biogenesis through interaction with Pex30 and Pex29.
However, there are several important differences between our findings and those of David et al. (44) . The first is their description of a stable Pex30-mediated ER-Peroxisomal CONtact site (EPCON) as a focal point for peroxisome formation. In their report, David et al. (44) relied on an overexpression system to visualize Pex30 and Pex29 in their respective deletion backgrounds as these proteins are difficult to visualize from their endogenous promoters. In general, peroxins and PMPs are difficult to observe when expressed under their endogenous promoter, and the overexpression of these proteins to better improve tractability results in pleiotropic effects. Many PMPs, when overexpressed, localize to mitochondria, and when localized to the ER, they do not segregate into distinct subregions but are found generally throughout the ER (11) . In contrast, we were able to visualize these proteins from their endogenous promoters, and our observations lead us to interpret the data differently. We found Pex30, and Pex29, Rtn1, and Yop1, to dynamically associate with peroxisomes and each other in a carbon source-dependent manner. In particular, Pex30-GFP was shown to be highly dynamic when cells were grown in the presence of glucose and only transiently associated with peroxisomes. The results of David et al. (44) and those from our experiments implicate the reticulons Pex29 and Pex30 as negative regulators of peroxisome proliferation, and we observed enhanced egress of Pex3 from the ER in our in vitro budding assay when these proteins are not present in the ER. Therefore, Pex30 does not physically define the peroxisomal ER-exit site but likely regulates its formation by influencing the trafficking and sorting of PMPs such as Pex3 in the ER. We urge care when drawing conclusions from experiments that lead to the overexpression of peroxins.
In their study, David et al. (44) also found a transient association of Pex30 with members the COPI complex and proposed a role for COPI-formed vesicles in peroxisome biogenesis (44) . We did not detect COP components in our pullouts of Pex30-pA, Pex29-pA, Rtn1-pA, or Yop1-pA, possibly because of the enhanced stringency of our isolation conditions. However, COP components have been detected in fractions of purified peroxisomes (70) and have been proposed to play a role in rat liver peroxisome biogenesis (92) . Inhibition of COP1 gene expression also affects peroxisome numbers in S. cerevisiae (88) , but this effect may be indirect as Pex3 egress from the ER occurs independently of COPI and COPII. A proposed role for COPI in peroxisome biogenesis other than as a retrieval system for ER proteins aberrantly trafficked to the peroxisome or for peroxisomal membrane proteins aberrantly trafficked to the Golgi seems unwarranted at this time.
Importantly, despite identifying a similar protein-protein interactome for Pex30 and Pex29, our interpretation of these results differs from that of David et al. (44) . Integrating our interactome data with the results of our quantitative fluorescence colocalization microscopy experiments and subcellular fractionation experiments do not support the idea of a protein complex with defined stoichiometry. Rather, we propose that these ER membrane proteins share a similar localization to distinct subregions of the ER where they can physically interact with each other in pairwise or higher ordered protein assemblies. This physical association is dynamic and stabilized under peroxisome proliferating conditions.
A role for the ER in de novo peroxisome biogenesis explains the long established observation that peroxisomes can form in the apparent absence of pre-existing peroxisomes, albeit very inefficiently, in S. cerevisiae (7) . This is observed in yeast strains in which mutations lead to a lack of peroxisomes, yet functional peroxisomes reform upon re-introduction of the appropriate wild-type PEX gene (93) . Similarly, heterokaryons formed from peroxisome-deficient fibroblasts isolated from Zellweger patients of different complementation groups rapidly form new peroxisomes (94) . Thus, the axiom "omnis membrana e membrana" (every membrane from a membrane), as stated by Blobel (95), is not violated by the peroxisome.
Negatively regulating peroxisome biogenesis at the ER seems to be at least one of the functions of the reticulon-peroxin complex. Cells lacking these proteins, and the second reticulon Rtn2, produce peroxisomes more quickly upon reintroduction of Pex19 in the genetic system we used here (Fig. 9) . Deletion mutants also led to enhanced egress of Pex3-containing vesicles (Fig. 10 ). An important question to address in the future is whether regulatory proteins such as Pex30, Pex29, and the reticulons influence the switch between de novo biogenesis and the growth and division of existing peroxisomes. David et al. (44) also demonstrated that peroxisome proliferation was increased in deletion mutants of these proteins but did not distinguish between the relative rates of de novo peroxisome biogenesis versus growth and division of peroxisomes in these cells.
Our in vitro budding assay shows that vesicle-mediated Pex3 egress from the ER is enhanced in these mutants (Fig. 10A) . FIGURE 10 . Egression of preperoxisomal vesicles is enhanced in reticulon-peroxin deletion strains as shown by a cell-free in vitro budding assay. A, PYCs prepared from pex19⌬, pex19⌬/pex29⌬/pex30⌬, and pex19⌬/rtn1⌬/rtn2⌬/yop1⌬ cells expressing Pex3-GFP were incubated with wild-type cytosol for 90 min at room temperature in the presence of an ATP-regenerating system (5th, 7th, and 8th lanes, respectively). Controls included incubating the PYCs alone (1st to 3rd lanes), with cytosol but no ATP (4th lane, pex19⌬ PYCs only), or with cytosol and ATP, but at 4°C (6th lane, pex19⌬ PYCs only). At the end of the budding reaction, samples were subjected to centrifugation at 13,000 ϫ g for 2 min to pellet the PYCs. The supernatant was collected and subjected to centrifugation at 200,000 ϫ g for 1 h. The resultant pellet was resuspended in sample buffer and separated by SDS-PAGE. Immunoblotting for the presence of Pex3-GFP was performed with affinity-purified antibodies to Pex3. B, cells from wild-type, pex29⌬/pex30⌬, rtn1⌬/rtn2⌬/yop1⌬, pex19⌬, pex19⌬/pex29⌬/pex30⌬, and pex19⌬/ rtn1⌬/rtn2⌬/yop1⌬ strains endogenously expressing Pex3-GFP were grown in the presence of glucose and imaged by three-dimensional confocal microscopy. Bar, 5 m. Shown is a maximum intensity projection of all optical sections.
However, whether these preperoxisomal vesicles fuse with existing peroxisomes, when present, or go on to mature into peroxisomes without contributions from mature peroxisomes remains to be explored.
Why would cells need to regulate peroxisome biogenesis at the ER? As noted above, several PMPs transit through the ER, and as with other proteins transiting through the ER, assembly must be controlled (96) . One simple mechanism to achieve this control, and to prevent the premature assembly of peroxisomal membrane complexes, is to segregate PMPs within the ER. Distinct membrane protein-containing vesicles might then bud from the ER, and subsequent fusion would lead to the formation of import-competent organelles. In P. pastoris both Pex3-dependent and Pex3-independent sorting events regulate the trafficking of PMPs into biochemically distinct preperoxisomal vesicles (91) . Similar models have previously been suggested based on biochemical fractionation of distinct peroxisomal populations from the yeast Y. lipolytica (8) . Here, we monitored peroxisome formation using only a limited set of peroxisomal marker proteins, namely Pex3, Mdh2, Pot1, and Gpd1, and thus did not observe heterogeneity of peroxisomes. Thus, although it is clear that peroxisomes in rtn1⌬/rtn2⌬/yop1⌬ cells can import Gpd1 with improved kinetics over wild-type peroxisomes, it is not clear whether the peroxisome population is homogeneous. If sorting of PMPs within the ER is dependent upon Pex29, Pex30, Rtn1, and Yop1, as we propose, it would be expected that inappropriate preperoxisomal vesicle release from the ER could lead to an aberrant vesicle population.
Presumably, the function of the reticulon-peroxin complex is integrated into, and receives signals from, the cellular response to external cues, which include changes in carbon source (4). Pex30 from wild-type whole cell lysates migrates as multiple bands in immunoblots (data not shown), which may indicate that it is regulated by post-translational modification. In vitro, Pex30 is a target for Kss1 (97), a mitogen-activated protein kinase that is involved in regulating filamentous growth (98) . Our previous global analysis of kinases and phosphatases identified Kss1 as a negative regulator of peroxisome proliferation (99), consistent with a role for Kss1 in regulating Pex30. Furthermore, the PI4P phosphatase Sac1 was also shown to be a negative regulator of peroxisome proliferation. Our immunoprecipitation experiments identified several potential linkages between Sac1 and members of the reticulon-peroxin complex. First, all four components interact with Dpm1, which is required for Sac1-mediated regulation of cell secretion and growth by regulating PI4P levels at the ER (80, 81, 100) . The reticulon-peroxin complex also interacts with Scs2, a component of the recently characterized ER-plasma membrane tether and an important regulator of Sac1 activity by transducing environmental cues from the plasma membrane to the ER (78, 79, 101) . Pex30 and Pex29 also interact with Tcb3, which is also a component of the ER-plasma membrane tether. It would be interesting to investigate how dysregulation of signaling events through the Kss1 signaling pathway, or through pathways involving Sac1, affects the function of the reticulon-peroxin complex.
Our experiments also suggest the subcellular localization of Pex3 is more dynamic than typically thought. Our subcellular fractionation analyses demonstrated that peroxisomes from glucose-grown cells are associated with the ER, and whereas Pex30 partially colocalized with Pex3 when grown in the presence of glucose, it did not colocalize with mRFP-SKL. These data suggest a dual localization for Pex3 in glucose-grown cells and are in agreement with the proposed role for Pex3 to function as an ER tether for peroxisomes (102) . However, the duallocalization dynamic of Pex3 changes when cells are grown in the presence of oleic acid, and Pex3 is found exclusively on peroxisomes (Fig. 7) . When cells are switched from growth in the presence of glucose to growth in the presence of oleic acid, Rtn1, Yop1, and Pex19 become phosphorylated. Thus, preperoxisomal vesicle export from the ER may be coupled to cellular demands for peroxisomes.
The dynamic and enhanced association of Pex30 and Pex29 with peroxisomes when cells were grown in the presence of oleic acid also suggests the possibility for their role in facilitating lipid exchange between the ER and peroxisomes. Non-vesicular lipid exchange between the ER and peroxisomes has been demonstrated biochemically (103) . It remains to be determined whether Pex30, Pex29, and the reticulons function in this non-vesicular transfer of lipids. Reticulons have previously been demonstrated to mediate non-vesicular exchange of lipids between the ER and mitochondria (104) .
These discoveries establish the ER as a master regulator of peroxisome proliferation even when the primary method of peroxisome proliferation is through the growth and division of peroxisomes. Our findings, taken together with the likelihood of a conserved function of Rtn1 and Yop1 as mediators of membrane curvature in organelle formation/biogenesis, have led us to propose a model in which members of the reticulonperoxin complex control the emergence of preperoxisomal vesicles from the peripheral ER and in which this control demands a functionally and spatially defined ER. Our results confirm a direct role for ER-resident proteins in the de novo synthesis of peroxisomes. Combining comprehensive morphological, proteomic, and genetic analyses with the in vitro biochemical assay that produces peroxisome-like vesicles from microsomal fractions promises to reveal further molecular requirements of this fundamental cellular process. 
